Abstract This article explains a step-wise protocol to develop an electrochemical sensor to quantify serum levels of C-telopeptide (CTX) crosslinks also known as crosslaps in a matter of minutes and with high level of accuracy. The technique needs only one-step (incubation) and can thus be used for point of care screening. Due to the excellent electrical properties of the as-prepared immunosensor, CTX levels were successfully measured from 1 to 1000 pg/ mL. This is while the normal reference of the marker is 50-450 pg/mL, suggesting that the sensor can acceptably detect CTX. The results also showed a good correlation with ECLIA in measuring serum levels of CTX.
Introduction
Osteoporosis, characterized by low bone mineral density (BMD) and micro-architectural deterioration of bone tissue, is the common cause of bone fragility and fracture. With the upsurge of life expectancy, the number of individuals diagnosed with osteoporosis and its complications is increasing in every geographical region, and the incidence of hip fracture is estimated to rise from 1.66 million in 1990 to 6.26 million by 2050 (Dhanwal et al. 2011; Khashayar et al. 2010) . The economic burden of fragility fractures in the European Union is estimated to be at 37 billion, and is expected to increase by 25% in 2025 (Svedbom et al. 2013) . Considering the increasing number and heavy burden of osteoporotic fractures and the associated morbidity, considerable effort has been made for early detection of osteoporosis, aggressive fracture prevention, and monitoring of patients at high risk of fractures (Johnell and Kanis 2006) . At the time being, BMD measurement using dual energy X-ray absorptiometry (DXA) is routinely used for the diagnosis of osteoporosis (Nishizawa et al. 2012; Imai 2014) . This is while about 50% of postmenopausal women with history of fracture have normal BMD levels (Sornay-Rendu et al. 2005) .
More recent studies, therefore, have emphasized on the use of bone turnover markers (BTMs) in clinical evaluation of bone quality, fracture risk assessment, and drug efficacy studies (Heaney et al. 2003; Khashayar et al. 2015; Srivastava et al. 2005) . According to these studies, BTMs, especially resorption markers, are an independent predictor of fracture risk, in addition to BMD.
Type I collagen accounts for 90% of the organic matrix of the bone, and is subjected to a series of enzymatic and non-enzymatic intra-and extracellular post-translational modifications that may induce bone strength during the normal aging process or on the pace of a disease (Garnero 2012) . Collagen crosslinking is, therefore, of great importance in determining the biomechanical competence of the bone (Vasikaran et al. 2011) . Several studies have related the bone content of C-telopeptide (CTX) crosslinks also known as crosslaps, in part independent of the bone mineral value, with bone strength. They, therefore, suggest serum CTX as a reference bone resorption marker (Chubb 2012; Baim and Miller 2009) . In other words, despite the marked effects of circadian variation and other factors such as diet on serum levels of CTX, the marker is reported to be sensitive to short-term changes in bone metabolism.
The first serum CTX assay was a competitive polyclonal antibody enzyme-linked immunosorbent assay (ELISA) (Bonde et al. 1997; Rosenquist et al. 1998) . This is while apart from analytical variability, ELISA is expensive, timeconsuming, and not always available. Biosensors, on the other hand, can help determine reaction kinetics of marker interaction in real time rapidly. The technique needs only one step (incubation) and can thus be used for point of care screening (Hannon et al. 1999; Wang 2006) . In the past years, several attempts have been made to develop a labelfree immunosensing biosensor for the detection of CTX levels, none of which has become commercialized (Yun et al. 2009; Kim et al. 2013; Park et al. 2015; Ramanathan et al. 2016; Afsarimanesh et al. 2017) . The majority of these biosensors are based on sandwich and or optical assays.
This article explains a step-wise protocol to develop a label-free electrochemical sensor to quantify serum levels of CTX in a matter of minutes and with high level of accuracy (Khashayar 2017) .
Experimental procedures Chemicals and materials
Bovine Serum Albumins (BSA), Tween 20, carbodiimide (EDC), sulfo-N-hydroxysuccinimide (sulfo-NHS), L-glutathione reduced (GSH), and potassium hexacyanoferrate (III) (K 3 Fe(CN) 6 ) were purchased from Sigma-Aldrich. EDC and sulfo-NHS were dissolved in water at 0.4 M and 0.1 M, divided into small aliquots, and stored at -20°C. Phosphate-buffered saline (PBS) solution (10 mM, NaCl 0.138 M, KCl 0.0027, pH 7.4, 25°) and PBS-Tween 20 were purchased in powder form from Sigma-Aldrich, and prepared by dissolving 1 package in 1000 mL of de-ionized (DI) water.
Anti-collagen type I antibody (MAB1340) and Human Collagen type I (CC050) were obtained from Merck Chemicals (Belgium). These two components were reconstituted in PBS buffer. All solutions, including Ab conjugates, sulfo-NHS and EDC, were used within 24 h of preparation. The clinical serum samples were obtained from the Endocrinology and Metabolism Research Institute. All the experiments were carried out at room temperature.
Apparatus
The electrochemical measurements were performed with Autolab PGSTAT101 (Metrohm, The Netherlands). They were carried out in 0.1 mM K 3 [Fe(CN) 6 ], containing 0.01 M NaCl, at room temperature (23°C), using the three-electrode configuration fabricated in our laboratory according to the procedure described elsewhere . A common method of electrochemical testing begins with a cyclic voltammogram (CV) in order to determine the formal potential of the electrochemical sensor for differential pulse voltammetry (DPV). The CV and DPV measurements were performed to control electrode modification steps and to quantify the target molecule concentration at the sample surface, respectively. The CV potential was cycled from 0.0 to 1.2 V with scan rate 0.1 V/s. The DPV measurements were performed in [FeCN 6 ] 3-/4-applying the following parameters: 0.025 V modulation amplitude, 0.05 s modulation time, 0.005 step potential, and voltage range from 0.5 to 1.1 V.
A slightly different offset is reported between the working and reference electrodes in sensors with individualized quasi-reference electrodes (Uludag et al. 2014) . As a result, the peaks of DPV plots were averaged to obtain formal potential of our 3-electrode system. Calibration curves were obtained based on triplicate measurements and parameters such as lower limits of detection (LLD), upper limits of detection (ULD), and consequently a dynamic range were calculated. Other assessed parameters included limit of detection (LOD) and limit of quantification (LOQ), sensitivity (slope of the gradient), reproducibility (standard deviation divided by the average in percent), tightness of fit (R-square of trend line applied), and behavior (liner, non-linear, etc.) . LOD is the lowest concentration of the analyte, which gives an analytical signal greater than the background value plus 3* standard deviation.
Scanning transmission electron microscopy (STEM), (JeolZeiss-EM10C JEM-2200FS FEG (S)TEM)-80 operated under high tension of 200 kV) was used to collect information for visualization on the prepared gold nanoparticles and to test for their ability to bind with the proteins. A high-angle annular dark field (HAADF) detector was used to distinguish the smallest and dispersed prepared gold nanoparticles from the porous gold substrate. The bright field detector (BF) was used to visualize lager prepared nanoparticles.
X-ray photoelectron spectroscopy (XPS) was performed with an electron spectrometer (SSI-SSX100) to estimate the composition of the surface and confirm successful immobilization in each step.
In order to check the accuracy of the sensor, the electrochemiluminescence immunoassay (ECLIA, Elecsys 2010 autoanalyzer, Roche Diagnostics GmbH, Germany) was used to measure the serum levels of CTX (Intermediate precision CV of \20%).
Fabrication of immunosensor

Preparation of gold electrode array
The glass slide patterned with gold microelectrodes was fabricated according to the method reported elsewhere . Briefly, each substrate consisted of gold reference (RE), counter (CE), and working electrodes (WE). A layer of SU-8 photoresist was later used as an insulation layer to cover the whole surface, exposing just the electrodes to the electrolyte solutions ( Fig. 1) . A common printed circuit board (PCB) with electrical connection leads and lines to the electrodes was used to connect the array to the potentiostat.
The electrodes were cleaned, just before the electrodeposition step, in 0.5 M H 2 SO 4 (external Ag/AgCl reference electrode and Pt counter electrode, in situ gold electrode as working electrode). This step was conducted in the potential range of 0.0-1.5 V at a scan rate of 0.1 V/s. 20 cycles were needed to obtain reproducible CVs, suggestive of a clean gold surface. After finishing the electrochemical pre-treatment step, the electrodes were washed with DI water.
In order to coat the working electrode with a gold nanoparticle layer that would allow sufficient immobilization of antibodies on the surface in later steps, the CVelectrodeposition technique (scanning potential of 0.0-1.5 V at a scan rate 0.1 V/s for 100 scans in an aqueous solution of 1.0 mM HAuCl 4 and 0.01 M H 2 SO 4 in the presence of 0.01 M NaCl via external Ag/AgCl reference electrode and Pt counter electrode) was used . It should be noted that in this way the surface was coated with nanoclusters of AuNPs, which for simplicity are referred to as AuNPs in the rest of the article.
Immobilization
The immunosensor was fabricated by the immobilization of antibodies on the modified gold electrode array through EDC/NHS covalent-linking. First, 4 lL of a 10-mM GSH solution was disposed on the working electrode and dried at room temperature for 1 h. After gently rinsing with distilled water, the gold electrodes functionalized with carboxylic groups were incubated in a mixture solution of 400 mM EDC, 100 mM Sulfo-NHS, and 10 lg/mL CTX for 2.5 h. In order to make this solution, EDC and sulfo-NHS were first reacted with each other for 20 min and then the CTX Ab was added to the solution and incubated for another 60 min. The zero-cross length linkers such as EDC/ NHS facilitate the attachment of the carboxylic acid groups of the GSH-modified electrode to the amine group in the antibody solution. Subsequently, the electrodes were rinsed with PBS to remove the excess antibody complex.
In order to avoid non-specific binding, 10 lL of BSA solution (0.2% m/v in 0.1 M PBS, pH 7.4) was deposited on each electrode for 1 h. Finally, the electrodes were rinsed with 0.1 M PBS (Coupling Buffer) and 0.1 M PBSTween 20 (Washing Buffer). PBS-Tween 20 is commonly used to minimize the background noise from non-specific binding in bioassays. The electrodes were then shaken to remove excess water. The electrodes carrying the conjugated antibodies were treated carefully as the detachment of the conjugates can be troublesome if proper handling/ pipetting is not applied during washing/blocking steps. Fully modified electrodes were stored dry until further use but not longer than 1 day.
Results and discussion
There are numerous methods for rapid and quantitative measurement of clinically important analytes. From among them, immunosensor assays have the capability for rapid and specific detection of biomarkers in biological samples, including serum (Holford et al. 2012) . The relative lack of long-term stability of biological molecules on the surface, Fig. 1 A picture of the fabricated electrode however, is the most serious limitation in commercializing such biosensors and in their routine use in clinical practice (Omidfar et al. 2013) .
Currently, noble metal surfaces, particularly gold nanoparticles (AuNPs), are considered as ideal supports for the fabrication of electrochemical sensors because of their superior stability, high surface-to-volume ratio, proteinfriendly environment, capacity for surface modification, and complete recovery in biochemical redox processes (Vastarella et al. 2007; Shamsipur et al. 2014) . In this work, a novel gold electrode array was successfully prepared based on in situ electrodeposition of AuNPs on gold surface followed by immobilization of antibodies. The in situ deposition of high-content AuNPs on the gold surface not only provided a simple and controllable method for the electrode preparation but also amplified electron transfer and signal response of immuno-recognition events.
Assessment of surface morphology of modified electrodes
Once immobilized on the surface, biomolecules adsorbed on AuNPs are not free anymore and adopt a specific conformation. This results in a more rigid protein structure, compared with when the molecule was able to change its orientation and conformation rather freely in solution. This raises the question of how the activity of an antibody is affected after conjugation with a gold particle.
Although protein-conjugated gold nanoparticles have been successfully employed as biological markers for decades, instances of total or partial loss of specific activity of the protein upon conjugation have been reported (La Belle et al. 2013) .
We used STEM to determine the three-dimensional surface morphology of the electrodes after every modification step and to study the interaction between CTX antibody and the electrode surface.
STEM images of the fabricated AuNPs on gold surface (Fig. 2) demonstrated that the electrodeposition resulted in surfaces with highly uniform AuNP distribution. The fabricated AuNP were approximately *20 nm in diameter. As a result, the presence of large number of uniform AuNPs on the electrode resulted in the increment of the total surface roughness, and thus surface area of the electrode (as reported in our previous article . The study of the Ab-functionalized electrodes revealed the affinity of AuNPs to the CTX antibody and the aggregation properties of the resulted antibody complex.
Current transient of AuNP-modified gold electrodes
The AuNP layer enhanced the electrochemical conductivity of the modified electrode compared to the bare one, which is related to the increased electrode's active surface area (Fig. 2) . The real electrochemical surface area of the gold electrodes was calculated to be 2.3 times greater than the area before electrodeposition, providing a bigger surface for antibody immobilization. In addition, it showed a remarkable oxidation peak at 0.142 V and a reduction peak at 0.9 V was reported after electrodeposition. This sharp oxidation peak is due to oxide formation and the occurrence of Au stripping. Therefore, the AuNP-modified electrode displayed an advantage for signal amplification.
After the addition of the antibody complex, however, a significant signal reduction in electrical response was noted. This is due to the formation of a hydrophobic layer after the binding of antibody on the electrode surface, which retards the interfacial electron transfer and is reflected as reduced electrical response.
Analytical procedure
The fundamental structural unit of an antibody is two identical heavy and light chains interconnected by disulfide bridges. The chains are entirely composed of constant and variable regions, combining one interaction site for the antigen. The conformation of amino acids of antibody in this site determines its antigen binding activity (Killard et al. 1995) . Several non-covalent bonding, such as van der Waals and non-polar hydrophobic interactions as well as London dispersion attractive and steric repulsion forces contribute to the molecular interactions between the antibody and antigen.
The antibody-antigen reaction on our electrodes was tested by the introduction of Ag solution using a fine pipette. In this regard, concentration gradients of the target, CTX, were prepared and run against the sensor for verification. The concentration against current read during DPV analysis was used to calculate and plot linear and logarithmic fit R-squares (degree of fit).
Under the optimum conditions, the DPV peak current of the immunosensor array decreased proportionally with the increasing concentration of CTX analytes (Fig. 3) . A logarithmic response curve with a slope of 0.004 and a linear regression constant (R 2 ) of 0.96 was observed over the tested concentration range (1-1000 pg/mL) (Fig. 4) . The correlation coefficient was 0.82 and the LOQ was calculated to be 16.5. The LOD was estimated to be 5.44 pg/mL, which was much lower than the normal CTX range in plasma (50-450 pg/mL), indicating the sensitivity of the assay.
Optimization
Several factors affect the LOD and thus the sensitivity of an assay. Reducing the risk of antibody losing its activity (Khashayar 2017) upon conjugation and nonspecific binding can help in this regard. The morphology of the electrode's surface, influenced by factors such as surface roughness, can also affect the intensity of the analytical signal.
In this study, we tried to improve the Ab immobilization process through modifying the electrode surface with AuNPs and cross-linkers. Nonspecific binding was reduced through uniform distribution of AuNPs on the electrode surface.
As a result, the amount of immobilized antibodies, their proper conjugation to the surface, and improved response signal depend on the amount and size of AuNPs deposited on the surface. The latter is related to the deposition time and scan rate. Due to geometrical considerations, the application of AuNPs of *20 nm is shown to lower the sterically hindered binding of proteins on suitable sites of gold (German et al. 2014) . The successful deposition of AuNPs with the suitable size on the surface was achieved in the previous study by the same group .
A schematic illustration of the preparation process of the immunosensor is shown in Fig. 5 . Factors such as the concentration of GSH and Ab as well as the sulfo-NHS:EDC concentration and ratio were studied through a design of experiments (DOE) where a series of concentrations were tested against each other to obtain the largest signal to noise ratio from the assay. Optimum concentration was found to be 10 mM for GSH; 400 mM for EDC: 100 mM for sulfo-NHS, and 10 lg/mL for Ab. A 1:1:1 ratio for EDC, NHS, and Ab was considered as the optimum concentration for the antibody complex.
The incubation time is another important parameter affecting the analytical performance of the immunoassay. At room temperature, the stripping voltammetric response improved with the increasing incubation time following the antibody complex immobilization and then tended to constant values after 2.5 h. Similar trend was noted after the reaction time between the Ab and Ag was increased to 80 s. This showed the saturated binding between the AuNPs and the antibody as well as between the analyte (antigen) and antibody on electrode surface. Therefore, an incubation time of 2.5 h and a reaction time of 80 s were selected for the immunosensor.
As mentioned in the literature, environmental factors such as temperature and pH also play an important role in the immobilization efficiency. Not only hydrogen bonds are reported to be more stable at low temperature, but also antibodies and antigens are reported to be more stable at these temperatures (Reverberi and Reverberi 2007) . As no significant change was reported in our results when the tests were performed at different temperatures (4°C-room temperature), all the steps were performed at room temperature. The highest activity of the sensor was observed at pH 4.5, in which all the used material (sulfo-NHS, EDC and GSH as well as the antibody) are reported to have the best functionality (Fischer 2010; HormoziNezhada et al. 2012 ).
Evaluation of specificity, cross-reactivity, and crosstalk
To investigate the specificity and cross-reactivity between analytes and Ab-functionalized surface, the DPV results of the immunosensor array incubated with CTX, Osteocalcin, and PTH were compared. As expected, the immunosensor responded only toward its corresponding proteins. Apparently, the cross-reactivity in the array was negligible (a minimum change of \3% from baseline value), which can be attributed to efficient blocking of nonspecific binding sites on gold (Fig. 6) .
In this work, as the Ab complex was immobilized on AuNPs, the Ab-antigen reaction would only accumulate on the AuNPs, resulting in a localized stripping reaction at the individual electrode. Hence, the possible cross talk, which generally results from the diffusion of electroactive indicator produced on one electrode to neighboring electrodes, could be well avoided.
Reproducibility and stability
The as-prepared immunosensor array was stored in dry conditions at 4°C. In this way, over 90% of the initial response remained intact after 2 weeks of storage. The interassay precision of the immunosensor was examined based on repeated measurements of two different concentrations of CTX with five immunosensors. The coefficient of variation was 4.1%, indicating that the immunosensor has acceptable stability and reproducibility.
Verification by ECLIA
To evaluate the reliability and application potential of the proposed immunoassay, the assay results were compared Fig. 5 Surface preparation is typically made possible by modifying the gold surface by AuNP, leaving carboxyl groups on the surface which in turn can be activated using zero crosslength linkers such as (EDC/NHS), rapidly accepting an antibody, and detection can occur under target binding (Khashayar 2017) with the values obtained when testing CTX in human samples by commercial electrochemiluminescent singleanalyte tests. In this regard, the serum of seven patients whose CTX levels were recently measured using ECLIA was used. The results are listed in Table 1 . Acceptable results with relative errors less than 7.58% indicated good accuracy of the proposed method for real sample analysis.
The correlation between our sensor results and that of ECLIA was also investigated and the results are shown in the correlation and Bland and Altman plots in Fig. 7 . The equation of the trendline in the correlation plot has a slope of 0.98 and R 2 of 0.97.
Comparison with existing CTX biosensors
As mentioned earlier in the article, not many sensors were designed to measure CTX levels in serum. Compared to the similar sensors (not optical ones) reported in literature, our method has several advantages and thus would be more compatible for use in point of care (PoC) devices.
• Yun et al. (2009) Fig. 6 Response measured for CTX sensor incubated with Osteocalcin (100 pg/mL), PTH (100 pg/mL) and CTX (100 pg/mL) (Khashayar 2017) CTX is 50-450 pg/mL, suggesting that their device had limited use in practice. • Ramanathan et al. (2016) again used bioafinity immobilization to immobilize CTX on a carbon nanotube array coated with gold nanoparticles. Using EIS as the measurement technique, they managed to achieve a reference range of 0.05-0.6 ng/mL. Despite the fact that they managed to obtain a more clinically applicable dynamic range compared to Yun, their technique was more expensive and less rapid compared with ours.
Conclusion and outlook
In this study, electrochemical detection method was applied to detect serum levels of CTX. AuNPs were electrodeposited on gold electrodes to improve the surface area, provide better electron-transfer kinetics and higher background charging current. On the AuNP-modified gold electrode, CTX antibody was covalently immobilized by crosslinkers and different concentrations of CTX antigen was applied for direct determination. Due to the excellent electrical properties of the as-prepared immunosensor, CTX levels were successfully measured from 1 to 1000 pg/mL. This is while the normal reference of the marker is 50-450 pg/mL, suggesting that the sensor can acceptably detect CTX. Compared to conventional methods, the proposed electrochemical sensor resulted in selective and sensitive measurement of CTX levels with reduced interference reactions, reduced measurement time, need for less amount of reagent, and better stability in a simplified detection system. Thus, this highly sensitive label-free CTX sensor showed a potential application for determination of low abundant biomarkers in clinical diagnostics.
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